We investigated the morphology, ultrastructure and 18S rDNA molecular phylogeny of a green algal strain previously described as Klebsormidium marinum and a similar new strain isolated from Southeast Asia. Ultrastructural features and molecular phylogenetic analyses revealed that the two strains are unrelated to the charophycean genus Klebsormidium and belong to the trebouxiophycean genus Stichococcus, despite the presence of a pyrenoid with a conspicuous starch envelope. The two strains are indistinguishable at the ultrastructural level, but only one strain forms filaments of 4-10 cells on solid medium. The 18S rDNA sequences indicate that the strains represent separate species. We propose the two strains be classified as Stichococcus deasonii nomen novum and Stichococcus jenerensis species nova, respectively.
Introduction
The genera Stichococcus Nägeli and Klebsormidium P.C.Silva, Mattox & W.H.Blackwell were considered closely related in traditional classification systems of green algae (e.g. Mattox & Stewart 1984; Ettl & Gärtner 1995; Hindák 1996) . The morphology of both genera consists of uniseriate, unbranched filaments. Vegetative reproduction takes place by means of vegetative cell division and fragmentation into one-to few celled segments. In addition, in the genus Klebsormidium, biflagellate *e-mail: neustupa@natur.cuni.cz zoospores are also produced. Vegetative cells possess a single parietal chloroplast and in Klebsormidium a distinct pyrenoid with a starch envelope is developed. In general, species of Klebsormidium mostly have larger cell dimensions than members of Stichococcus. In Stichococcus, no zoospores develop and pyrenoids are usually not observed by light microscopy. In addition, Stichococcus species are usually characterized by filaments that fragment very easily into one-or two-celled segments. The members of these genera typically occur in subaerial and soil habitats, where they often dominate the algal biomass (Ettl & Gärtner 1995; Lokhorst 1996) .
The genus Klebsormidium has been classified within the charophycean evolutionary lineage on the basis of ultrastructural characters (e.g. open mitosis, unilateral construction of the flagellar aparatus with a multilayered structure) (Floyd et al. 1972; Lokhorst & Star 1985) . In addition, cytokinesis proceeds by ingrowth of the plasmalemma as a cleavage furrow. In the genus Stichococcus, similar ultrastructural features (open mitosis, cytokinesis by a cleavage furrow) were ascertained (PickettHeaps 1974) . The classical ultrastructural study of Pickett-Heaps (1974) revealed also that the chloroplast of the genus Stichococcus possesses a naked pyrenoid, which usually cannot be observed by light microscopy, but has nevertheless some features shared with the Klebsormidium pyrenoid -notably thylakoids intersecting the pyrenoid matrix.
However, whereas the position of Klebsormidium within the charophycean (or streptophyte) algae was confirmed by molecular phylogenetics (Turmel et al. 2002; Lewis & McCourt 2004) , sequences of 18S rDNA genes from several isolates ascribed to the genus Stichococcus revealed that this genus belongs to the class Trebouxiophyceae in the chlorophyte evolutionary lineage (Katana et al. 2001; Lokhorst et al. 2004; Karsten et al. 2005) . Thus, despite the highly similar morphology, the genera Klebsormidium and Stichococcus are only very distantly related and the order Klebsormidiales as originally conceived (Van den Hoek et al. 1995 ) is polyphyletic.
In addition, the current concept of Klebsormidium may also prove to be phylogenetically untenable. Deason (1969) described Hormidium marinum Deason from a soil sample from Dauphin Island, Alabama, U.S.A. Deason's original culture of H. marinum has been kept in UTEX as strain no. 1706 (Starr & Zeikus 1993) . Silva et al. (1972) investigated the nomenclatural history of the genus Hormidium and transferred H. marinum, together with other members of this genus, to the new genus Klebsormidium. However, in Klebsormidium marinum (Deason) P.C.Silva, Mattox & W.H.Blackwell, cell width ranges mostly between 2.5 and 3.7 μm, no zoospores have been observed and filaments fragment easily into single cells (Deason 1969; Péterfi et al. 1979) . All these morphological characters indicate a possible affinity of this organism with Stichococcus. Péterfi et al. (1979) isolated a green algal strain from alpine bogs in Romania. They investigated the ultrastructure of this strain and they found a Klebsormidium-like pyrenoid with a well developed continuous starch envelope and a pyrenoid matrix dissected by several thylakoids. They identified this alga as Hormidium pseudostichococcus Heering and created the new combination Klebsormidium pseudostichococcus (Heering) L.S.Péterfi, Dragos & Craciun. Again in this organism, the cell dimensions, easy fragmentation of filaments and the absence of zoospores are reminiscent of the genus Stichococcus. Unfortunately, Péterfi's et al. (1979) strain of K. pseudostichococcus has been lost and is not available for direct comparison.
However, cells of K. pseudostichococcus and K. marinum possess a distinct pyrenoid with a starch envelope that can be observed in the light microscope. Heering (1914) and Deason (1969) , as well as Ettl & Gärtner (1995) and Hindák (1996) , in their monographs used this character as a principal criterion for inclusion of these species into the genus Klebsormidium.
In this study, we investigated the morphology, ultrastructure and 18S rDNA molecular phylogeny of Klebsormidium marinum and a similar strain isolated from a sample of surface microbial layer on the soil in a secondary lowland rainforest of the Malay Peninsula. Our results indicate that these organisms represent two species of Stichococcus.
Material and methods
Two strains were investigated in this study:
-strain UTEX 1706, isolated by T.R.Deason in 1969 from a soil sample from Dauphin Island, Alabama, U.S.A., the original culture used for the taxonomic description of Hormidium marinum (Deason 1969) ; -strain CAUP J 1302, isolated by J.Neustupa from a sample of surface soil crust at the base of a tree in a secondary lowland rainforest near Kampong Kuala Jenera, Kelantan, Malaysia (Neustupa 2003 (Neustupa , 2005 .
The strains were cultivated on several media in order to ascertain their range of morphological variation. The following media were used: standard liquid Bold's Basal Medium (BBM), agar solidified BBM, 50% diluted liquid BBM (Bischoff & Bold 1963) , biphasic soilwater medium, sterilized mesotrophic freshwater. Algae were grown under a 12:12 h L:D regime at 22°C and the irradiance was 120-150 μmol.m -2 .s -1 . For the induction of zoospore formation the cultures were transferred from liquid BBM to distilled water and kept in darkness.
Material for TEM observation was cultivated in standard liquid BBM under the same regime as described above. We prepared one mixed sample of each strain from cultures of different age (two days, one week, two months) and 12 samples fixed after every 2 hr during the first 24 hr of cultivation. This method was chosen in order to detect changes in the amount and deposition of starch in the chloroplast. The samples were fixed in 2% glutaraldehyde, post-fixed in 1% osmium tetroxide in 0.05 M phosphate buffer and 1% uranyl acetate in methanol. After dehydration in ethanol the strains were embedded in Spurr medium via propylenoxide. Ultra-thin sections, cut with a glass knife on a LKB Ultratome, were post-stained with uranyl acetate and bismuth oxynitrate, and examined with a Philips CM 100 TEM at 80 kV.
For amplification of the 18S rDNA gene, cells in suspension cultures were harvested by centrifugation and grinded in liquid nitrogen by mortar and pestle. Total DNA was extracted using the Plant DNAzol Reagent (Invitrogen) following the instructions of the manufacturer. A part of the 18S rDNA gene was amplified by PCR using universal forward and reverse primers according to Katana et al. (2001) . PCR products were resolved on vertical agarose electrophoresis gels, bands of expected size were dissected from the gel and the DNA was purified using the QIAquick Gel Extraction Kit (Qiagen). The purified products were sequenced by primer for both ends. Primers for sequencing were designed according to Katana et al. (2001) . An additional primer 1635-44F (5'-ccgcccgtcgctcctaccga-3') was designed to sequence the 3' end of the amplified region. Sequencing reads were assembled with the CAP3 assembler server and manually edited by visual inspection of sequencing chromatograms. Newly obtained sequences were deposited in GenBank with accession numbers DQ275460 (Stichococcus deasonii UTEX 1706) and DQ275461 (Stichococcus jenerensis CAUP J 1302).
The 18S rDNA sequences representing the diversity of green algae plus an embryophyte sequence from Arabidopsis thaliana were retrieved from GenBank and aligned together with our new sequences using ClustalX (Thompson et al. 1997) . The alignment was manually edited in GeneDoc (K.B.Nicholas & H.B.Nicholas, http://www.psc.edu/biomed/genedoc/). Ambiguously aligned regions, introns, and positions with deletions in most sequences were removed from the alignment, resulting in an alignment comprising 77 sequences and 1496 positions (the sequence alignments are available from the second author). Maximum Likelihood (ML) phylogenetic trees were reconstructed using PHYML 2.4.1 (Guindon & Gascuel 2003) , using a BioNJ input tree. For the analysis we selected a GTR model of nucleotide evolution with nucleotide frequencies and rate parameters estimated from the data. G correction with 8 rate categories plus invariant positions and the alpha parameter estimated from the data were employed to cope with a site-to-site rate variation. ML bootstrap analysis was performed on 100 replicates created with SEQBOOT in the PHYLIP 3.62 software package (J. Felsenstein, University of Washington) using PHYML and GTR+G+I model with parameters estimated from the ML tree inferred from the original dataset. Neighbour Joining (NJ) bootstrapping was performed with the PHYLIP package on 500 replicates. Distance matrices were computed using DNADIST with F84 model of nucleotide evolution, transition/transversion ratio 2.0, one rate category and no G correction. Replicate trees were reconstructed using the NEIGHBOR programme; the majority rule consensus tree was obtained using CONSENSE. We used the same approach for a more focused phylogenetic analysis based on an alignment comprising of a subset of trebouxiophycean sequences (36 taxa, 1671 positions). NJ boostrapping was performed on 1000 replicates. In addition, bootstrap values were calculated with the maximum parsimony (MP) algorithm on 1000 replicates, using DNAPARS from the PHYLIP package with randomized input order of sequences (9 jumbles). Bayesian analysis was performed using MrBayes 3.1 (Huelsenbeck & Ronquist 2001) . Four parallel MCMC runs were carried out for 1 million generations each with one cold and three heated chains employing the GTR+G+I evolutionary model (with parameters estimated from the data). Trees were sampled every 100 generations, 25% of the trees were discarded as burn-in and posterior probabilities of the branching pattern were calculated on the basis of the consensus of the remaining trees.
Results
We investigated the morphology, ultrastructure and molecular phylogeny of two green algal strains -UTEX 1706 and CAUP J 1302.
MORPHOLOGY: Cells in both strains were cylindrical with broadly rounded poles in all media used for the study (Figs 1-9) . Cell width and cell length were relatively stable in different culture conditions (Table 1 ) and differences in cell dimensions between the strains could hardly be ascertained. Both strains grew mostly as unicells or twocelled short filaments. However, longer filaments comprising 4-10 (rarely 20) cells were regularly noticed in the CAUP J 1302 strain on agar solidified BBM (Figs 8,  9 ). In both strains, the single parietal unlobed chloroplast occupied more than half of the cell and contained one pyrenoid with a starch envelope, which was always well visible in adult cultures (Figs 1-5, 7) . The starch envelope always consisted of isolated starch grains in both strains. No motile cells were observed in either strain.
TEM: The cells of both strains contained a single equatorial nucleus flanked by two mitochondria, Golgi bodies, many vesicles and two vacuoles occupying the polar parts of the cell. The single chloroplast had a double membrane and contained a single, spherical pyrenoid (Figs 10-12) . The pyrenoid was traversed by one (Figs 13, 15, 17) or two bands (Figs 10, 11, 14, 16) Table 1 . Morphological characteristics of investigated algae in cultures (symbols: + present; ± present but not prominent; -absent; 1w = 1 week, 1m = 1 month, 2m = 2 months). covered by several starch grains in most cases (Figs 12-16 ). Starch grains occurred also in the chloroplast matrix (Figs 10, 11) . In both strains, the cells lacked plasmodesmata. Mitosis was not observed. TEM analyses did not reveal any differences between the two investigated strains.
MOLECULAR PHYLOGENY: The amplified partial 18S rRNA gene sequences from the UTEX 1706 and CAUP J 1302 strains were 2221 nt and 2747 nt long (after trimming the primer sequences). Both strains contained the S1506 group I intron, but only CAUP J 1302 possessed the S943 group I intron. The maximum likelihood phylogenetic tree inferred from a multiple alignment (1496 positions) of representative green algal and embryophyte 18S rRNA gene sequences yielded the canonical topology (with monophyletic chlorophyte and streptophyte lineages, paraphyletic prasinophytes, and the classes Trebouxiophyceae, Chlorophyceae and Ulvophyceae clustering together with Chlorodendrales) with the two investigated strains nested firmly (91/87 ML/NJ bootstrap support) within the previously identified Prasiola clade (Karsten et al. 2005) in the chlorophyte class Trebouxiophyceae (tree not shown). Hence, UTEX 1706 and CAUP J 1302 were unrelated to the genus Klebsormidium (represented in our analysis by K. flaccidum, K. nitens, and K. subtilissimum branching with streptophytes, as expected).
In order to determine more precisely the phylogenetic position of the isolates addressed in this study, we prepared an alignment (1671 positions) comprising only closely related sequences from the Prasiola clade plus outgroup sequences from Lobosphaera tirolensis Reisigl (AB006051) and Coenocystis inconstans Hanagata & Chihara (AB017435) [which branch firmly outside the Prasiola clade - Karsten et al. (2005) and our data not shown] for rooting the tree. Figure 18 shows the maximum likelihood tree inferred from this second alignment. Both studied isolates are nested within a moderately supported cluster comprising the weakly supported order Prasiolales, Chlorella sphaerica Tschermak-Woess, and a number of strains assigned to the genus Stichococcus. Chlorella sphaerica forms a moderately supported cluster with Stichococcus chodatii (Bialosuknia) Heering, Stichococcus chlorelloides Grintzesco & S.Péterfi, and three Stichococcus isolates not assigned to a species. The UTEX 1706 strain ("K. marinum") forms a moderately supported cluster with S. bacillaris s3 and two unidentified trebouxiophycean algae, while the CAUP J 1302 strain forms a moderately supported cluster with S. bacillaris CCAP379/7, S. bacillaris D10-1, and Stichococcus sp. MBIC 10457. In addition, there is an independent lineage represented by S. bacillaris K4-4, a strongly supported cluster comprising S. bacillaris sequence AJ311637 and S. bacillaris SAG397-1b, and an independent lineage represented by Stichococcus ampulliformis Handa. However, the interrelationship among the distinct Stichococcus lineages and the order Prasiolales is unsupported by bootstrap analysis.
Discussion
The strains UTEX 1706 and CAUP J 1302 investigated in this study share morphological characteristics with some common members of the genus Stichococcus, e.g. with S. bacillaris. The main morphological difference is the presence in our strains of a distinct starch-enveloped pyrenoid, which is otherwise characteristic of the genus Klebsormidium. Molecular phylogenetic analysis based on 18S rDNA revealed a close relationship of the two strains with the genus Stichococcus, but not with Klebsormidium. Presence of a starch pyrenoid envelope therefore cannot be used as a diacritic feature distinguishing the genera Klebsormidium and Stichococcus. Sequences of the UTEX 1706 and CAUP J 1302 strains are part of a moderately supported cluster comprising sequences attributed to the genus Stichococcus, the order Prasiolales and an organism assigned to Chlorella sphaerica. Sequences from various isolates of Stichococcus branch as successive sister lineages of the order Prasiolales. This topology, not supported by bootstrap analysis but recovered in several previous studies (Handa et al. 2003; Lokhorst et al. 2004; Karsten et al. 2005) , is surprising given the morphological disparity of Stichococcus and Prasiola species. Phylogenetic analyses utilizing additional genes are necessary to resolve the relationship of Prasiola and Stichococcus.
Sequences of different isolates attributed to S. bacillaris show a great heterogeneity and, consistent with previous studies (Handa et al. 2003; Lokhorst et al. 2004) , do not branch together but form four independent lineages with unresolved interrelationship (Fig. 18 ). This indicates that there is a cryptic diversity in the S. bacillaris morphotype, probably comprising several independent species.
The strain UTEX 1706 is most closely related to S. bacillaris s3 and two unidentified trebouxiophycean isolates (Fig. 18) The species is named after T.R.Deason, the author of the original publication concerned with the taxonomy of this organism.
Strain CAUP J 1302 is most closely related to S. bacillaris CCAP379/7, S. bacillaris D10-1, and Stichococcus sp. MBIC 10457. Again, it cannot be attributed to S. bacillaris because of the presence of the starch envelope. Although indistinguishable at the ultrastructural level, CAUP J 1302 is also clearly different from S. deasonii as indicated by the 18S rDNA sequence and the regular presence of filaments comprising 4-10(-20) cells on agar-solidified medium that were not seen in S. deasonii. Finally, CAUP J 1302 cannot be considered conspecific with the organism investigated by Péterfi et al. (1979) under the name Klebsormidium pseudostichococcus because it has a continuous starch envelope, while in CAUP J 1302 the envelope regularly consists of isolated starch grains. The strain investigated by Péterfi et al. (1979) is not available, so we cannot ascertain its phylogenetic affinities.
Therefore, CAUP J 1302, should be described as a separate species within the genus Stichococcus.
Stichococcus jenerensis Neustupa, Eliáš & Šejnohová sp. nov.
Cellulae solitariae vel filamenta brevia. Cellulae cylindricae, dimensiones (2.5-)2.8-3.8(-4.2) × (4.0-)4.5-10.7(-11.8) μm. Paries cellulae laevis. Chromatophorum parietale, pyrenoide singulari cum parvis granulis amylaceis. Propagatio asexualis per divisionem protoplasti. Reproductio sexualis non observata.
HOLOTYPUS: Malaysia, Kelantan, Kg. Kuala Jenera. On the surface soil crust at a tree base in a secondary lowland rainforest, 400 meters a.s.l., leg. J. Neustupa, 29.1. 2000 . Holotype is deposited in PRC (no: AL1/2006). DESCRIPTION: The alga is composed of easily fragmenting unbranched filaments so that the cells are usually solitary or in two-celled filaments. On solid medium, longer filaments with 5-10(-20) cells are formed. The cells are cylindrical, with dimensions (2.5-)2.8-3.8(-4.2) × (4.0-)4.5-10.7(-11.8) μm. The cell wall is thin, without any thickenings. The cells possess a single parietal chloroplast with a single starchenveloped pyrenoid. The envelope is composed of several isolated starch grains. Asexual reproduction proceeds by means of vegetative cell division. Neither production of zoospores nor sexual reproduction was observed.
Type locality: Surface soil crust on a tree base in a secondary lowland rainforest near Kampong Kuala Jenera, Kelantan, Malaysia.
The name of the species is derived from the name of a village close to the type locality. The original strain is kept in the Culture Collection of Charles University of Prague (CAUP) as strain CAUP J 1302.
